ABSTRACT This paper is concerned with the problem of adaptive neural network (NN) tracking control for a class of uncertain switched nonlinear systems with time delays. Compared with the existing results, a new common Lyapunov function with switched adaptive parameters is constructed. The unknown functions with time-delay state are compensated by using appropriate Lyapunov-Krasovskii functionals in the design. To guarantee transient performance of switched systems with time delays, the prescribed performance bound (PPB) method is utilized. Based on convex combination technique, a novel adaptive NN tracking control method under state-dependent switching law is proposed. It is shown that under the proposed control and switching laws, all the signals of the closed-loop system are bounded and the tracking error is preserved within PPB. Finally, the simulation example is given to demonstrate the effectiveness of the proposed control scheme.
I. INTRODUCTION
Over the past decades, the research for nonlinear systems within control society has become a mature and well established methodology. In particular, adaptive control scheme has been developed into one of the most popular design methods for a class of nonlinear systems with unknown uncertainty. In the early stage, the controlled nonlinear systems were required to satisfy the matching conditions [1] , [2] for the analysis of the global stability. In order to overcome these restrictions, the recursive and systematic adaptive backstepping control technique is proposed. Subsequently, by combining fuzzy logic system (FLS) or neural network (NN) approximation method with adaptive backstepping technique, uncertain nonlinear systems have been widely developed in [3] and [4] for single-input and single-output (SISO) nonlinear systems, and in [5] and [6] are for multiple-input and multiple-output (MIMO) nonlinear systems. And various problems are dealt with for nonlinear systems with unmeasured states [7] , [8] , time delays [9] , [10] , actuator fault [11] , [12] , and large-scale interconnected nonlinear systems [12] , [13] and switched systems [14] , [15] . Many meaningful results have been published. Although the approximation-based adaptive backstepping control has been used and developed extensively, there exists the issue of explosion of complexity caused by the repeated differentiations of certain nonlinear function in the design process. In [16] , dynamic surface control (DSC) technique was proposed to avoid the problem of explosion of complexity. Thus, dynamic surface control method combined with adaptive backstepping technique has been widely developed [17] - [20] .
It is well known that time delay widely exists in a variety of practical systems, such as electrical networks, microwave oscillators, nuclear reactors, etc. Time delays often give rise to the instability of system. So, the research of the stability analysis and control design of nonlinear time-delay systems is a challenging and meaningful issue, and has been paid much attention in the control community. To now, one of the most popular methods is the Lyapunov-Krasovskii method, which constructs Lyapunuv-Krasovskii functionals and takes the derivative of them to cancel the function with time-delay state. A large number of results are reported for adaptive backstepping control for a class of nonlinear delayed systems by utilizing Lyapunov-Krasovskii method, such as [10] and [21] - [23] . Reference [10] proposed adaptive neural control scheme for a class of perturbed strict-feedback nonlinear time-delay systems with unknown virtual control coefficients. Reference [21] developed an adaptive fuzzy control scheme for strict-feedback nonlinear time-delay systems with unmodeled dynamics. Reference [22] presented an observer-based adaptive fuzzy control for a class of nonlinear systems with unknown time delays. More recently, more significative results have been further presented in [9] , [10] , and [24] - [26] .
As we all know, switched systems are a special class of hybrid systems, which can be described by a family of subsystems and a rule that orchestrates the switching between them. In practice, there are many systems falling into this category featured with switching mechanism, such as near space vehicle control systems [27] , chemical processes [28] , [29] , hypersonic flight dynamics [30] , circuit and power systems [31] , [32] . Up to now, variety of problems for switched nonlinear systems have been dealt with by combining with adaptive backstepping technique. Correspondingly, these above control methods have been successfully summarized as: multiple Lyapunov functions (MLFs) method [34] , common Lyapunov function (CLF) method [14] , [15] , [43] , and average dwell time (ADT) or persistent dwell time based method [35] , [36] , [38] . Besides the above methods which are powerful tool for dealing with the time-delay systems, [37] even considers a class of switched time-delay systems with unmodeled dynamics. However, the developed CLF method in the existing results with adaptive control is developed by constructing common Lyapunov function, common adaptive law and common control law, which are with conservatism. There is few result for the general CLF method with switching adaptive law, which is our motivation of this paper.
Motivated by the aforementioned observations, this paper focuses on adaptive neural network tracking control problem for a class of uncertain switched nonlinear systems. The contributions can be summarised as follows: (i) Different from the existing results, common Lyapunov function with switching adaptive parameter is constructed. Radial basis function neural network (RBFNN) is utilized to approximate uncertain nonlinear function. The unknown functions with time-delay state are compensated for using appropriate Lyapunov-Krasovskii functionals.
(ii) To avoid the problem of explosion of complexity caused by the repeated differentiations of virtual control, dynamic surface control (DSC) technique is used. Because of the influence of unknown uncertainty, external disturbance and time delays, it can bring to poor transient performance. To guarantee the system performance, the prescribed performance bound (PPB) method is utilized.
(iii) By introducing convex combination technique, a novel adaptive control method under state-dependent switching law is proposed. It is shown that under the proposed control and switching laws, all the signals of the closed-loop system are bounded and the tracking error is preserved within prescribed performance bound.
Finally, the effectiveness of the proposed control scheme is demonstrated by a simulation example.
The paper is organized as follows. In section 2, some preliminaries are presented and the problem is formulated. Adaptive neural network tracking control design and stability analysis are given in section 3. A simulation study verifies the main results in section 4. Finally, we conclude this paper in section 5.
II. PRELIMINARIES AND PROBLEM STATEMENT
A. SYSTEM DESCRIPTION Consider a class of uncertain switched nonlinear systems with time delay in the following strict-feedback form:
∈ R n , u ∈ R and y ∈ R are state vectors, the control input and the control output, respectively.
∈ R i are the delayed state vectors, τ i are the unknown time delays and satisfy max{τ i } ≤ τ im , τ im is positive constant. Piecewise constant function σ (t) is the switching signal and σ (t) = k ∈ N = {1, 2, .., r} means the kth subsystem is active. The control design presented in this paper will design a delay-estimation-based adaptive fuzzy memory controller to guarantee that all the signals in the closed-loop system are bounded and the tracking error converges to a small neighborhood of the origin.
To facilitate the control system design, the following assumptions are given.
Assumption 1 [38] : The desired reference signal y r and its derivativesẏ r ,ÿ r are bounded, that is, there exists a compact
where Y R is a positive constant.
B. RADIAL BASIS FUNCTION NEURAL NETWORK APPROXIMATION
In this paper, the RBFNN will be used to approximate the unknown continuous real value function F(x) : x → R on a given compact set x → R q with arbitrary accuracy as follows [39] , [40] :
where x ∈ ⊂ R q , for any positive integer q ≥ 1, are the input vectors; θ ∈ R N are the ideal weight vectors for some sufficiently large integer N , which denotes the NN node number satisfying N > 1, and ϕ(x) = [ϕ 1 (x 1 ), . . . , ϕ N (x q )] ∈ R N are vector valued functions. θ l are so-called radial basis (Gaussian) functions with the following form:
where 
where δ * is unknown constant.
C. PRESCRIBED PERFORMANCE BOUND
Consider the tracking error s 1 (t) = y(t) − y r (t), which will be defined later. According to [41] , the prescribed performance is achieved by ensuring that the tracking error s 1 (t) evolves strictly within predefined decaying bounds as follows:
where 0 < δ 1 , δ 2 ≤ 1 are design constants. The performance function η(t) is bounded and strictly positive decreasing smooth function satisfying the property lim t→∞ η(t) = η ∞ with η ∞ > 0 being a constant. In this paper, the performance function is designed as the exponential form η(t) = (η 0 −η ∞ )e −ς t +η ∞ , where ς , η 0 and η ∞ are positive constants, η 0 > η ∞ and η 0 = η(0) are selected such that −δ 1 η(0) < s 1 (0) < δ 2 η(0) is satisfied. The constant η ∞ denotes the maximum allowable size of s 1 (t) at steady state that is adjustable to an arbitrary small neighborhood of the origin. The decreasing rate ς represents a lower bound on the required speed of convergence of s 1 (t). Furthermore, the maximum overshoot of s 1 (t) is bounded by max{δ 1 η(t), δ 2 η(t)}. Therefore choosing the performance function η(t) and the constants δ 1 and δ 2 appropriately determines the error surfaces s 1 (t) bounded.
According to [41] and from (5), the surface error transformation is designed as:
where υ(t) is called transformed error and P is strictly increasing smooth function with a bijective mapping P :
We can compute the time derivative of υ asυ
where p is defined as p =
is satisfied, where s 1 = υp. Proof: By following the same line done in the stability analysis of [21] , it can be shown that all the signals in the closed-loop systems are bounded, and the tracking error is preserved within prescribed performance bound.
III. CONTROL DESIGN AND STABILITY ANALYSIS
In this section, a state-dependent adaptive control scheme is designed by combining the backstepping method with DSC technique, which can guarantee that all the signals in the closed-loop system are bounded and the tracking error s 1 (t) is preserved within PPB.
A. ADAPTIVE LAWS DESIGN
Firstly, the following changes of coordinates are designed as
where s i is called an error surface; z i is a state variable, which can be obtained through a first-order filter on intermediate control function α i−1 and χ i is called the output error of the first-order filter. Define the first-order filter as
where ζ i is design time constant.
Step 1: Based on (7), the time derivative of υ along the first subsystem of (1) is given bẏ
Consider the Lyapunov-Krasovskii functional as 
And the time derivative of V 1k along (9) iṡ
By using Young's inequality, it follows that
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Substituting (13) into (12) giveṡ
Introducing hyperbolic tangent function tanh(υp/ 1 ), (14) becomeṡ
where
υp tanh 2 (υp/ 1 )H 1k , and it can be approximated by RBFNN, and using Young's inequality, (15) becomeṡ
where ϕ 1 (x 1 ) is defined in (2). Design adaptive law aṡ
where κ 1 is a design parameter. Substituting (17) into (16), it followṡ
Utilizing Young's inequality, it follows that
Based on (19) (20) where
In the existing results for switched systems under CLF method [14] , adaptive laws were common and designed as max k∈N ||θ 1,k || 2 , which may be conservative. To reduce the conservatism, the piecewise adaptive laws (17) are constructed based on w k function (11).
Step i(i = 2, . . . , n − 1): Consider the LyapunovKrasovskii functional as
whereθ ij = θ ij −θ ij , r i and γ i are design parameters,
To compensate the discontinuous of the term
, and i is design constant.
and it can be approximated by RBFNN, and using the Young's inequality, (23) becomeṡ
Choose adaptive law aṡ (25) where κ i is a design parameter.
Substituting (25) into (24), it follows aṡ
Utilizing Young's inequality, it follows that (27) and let
Based on the definition of α 1 and α i , one can obtain thatα i = T i (s 1 , . . . , s i ,θ 1k , . . . ,θ ik , y r ,ẏ r ,ÿ r , χ 2 , . . . , χ i ), where T i is a continuous function which is obtained by substituting the aforemention into (8) .
Given any ψ, the set C ik = {(s 1 , . . . , s i ,θ 1k , . . . ,θ ik , y r , y r ,ÿ r , χ 2 , . . . , χ i ) T : V < ψ} is a pre-fixed compact set, where the compact set C ik can be made as large as desired. Therefore, based on the compact set C ik and the compact set 0 in Assumption 1, the continuous function T i−1 has a maximum B i on C ik × 0 . It is easy to see thaṫ
Utilizing the Young's inequality, it follows that
where π i is design constant. Substituting (27) , (28), (30) into (26), it follows thaṫ
.
Step n: Similar to (20) , (31) , one can obtaiṅ (32) and the adaptive laẇ (33) where
r j=1 e −r n (t−τ nm ) t t−τ n e r n ω w k h 2 nk (x n (ω))dω, and π n , r n are design constants.
For the analysis of stability, we design V = n i=1 V ik , and its time derivative iṡ
B. CONTROL LAWS DESIGN
In the subsection, the virtual control laws and actual control law will be designed to guarantee the stability of the switched systems with time delays. Firstly, we design the state-dependent switching law as
Based on the state-dependent switching law, (34) becomes as [see (36) at the bottom of the next page] where r j=1 β j = 1, 0 < β j < 1. Remark 3: It is easy to obtain that
r j=1 β j V ij under state-dependent switching law (35) . So, the rationality of (36) can be guaranteed.
Design the virtual control law α i and actual control u as
where c i is design parameter.
Combining (8) and (37)- (39), (36) becomeṡ
Based on Young's inequality, (40) further becomeṡ
where λ 2 is bounded and its analysis is given later.
Therefore, the following inequality holds:
which implies that all signals in closed-loop systems are bounded. In particular, the tracking error can remain within prescribed performance bound. From the above design procedures and analysis, the following theorem is summarized as:
Theorem 1: Under Assumption 1 and bounded initial conditions, the boundedness of all the signals in the system (1) under adaptive laws (17) , (25) , (33) , the feasible virtual control (37) , (38) , and the actual controller (39) be guaranteed. Especially, the tracking error is preserved within prescribed performance bound.
The proof of Theorem 1 can be obtained from Lemma 1 easily. 
IV. SIMULATION EXAMPLE
In this section, a simulation example is presented to show the effectiveness of the proposed method.
Example: Considering a one-link manipulator with the inclusion of motor dynamic [42] , the dynamic equation of the system is described by
where q,q andq denote the link position, velocity and acceleration, respectively. µ denote the torque generated by the electrical subsystem. µ 1d and µ 2d represent the uncertainties with delays and the torque disturbances. u is the control input standing for the electromechanical torque. Let x 1 = q, x 2 =q and x 3 = µ. Taking the unknown switching behavior and the asymmetric saturation actuators in system into account, (43) can be written as 2, 3, 4 , and time delay parameters τ 1 = 0.5, τ 2 = 0.5, τ 3 = 0.8, the reference signal y r = sin(t), the initial states x 1 = 0.2, x 2 = x 3 = 0. The radial basis (Gaussian) functions are chosen as:
The simulation results are shown in Figs. 1-9 . Fig. 1 shows the trajectories of y and y r . It is easy to see that the output signal can track the referent signal. Fig. 2 presents the tracking error s 1 within prescribed performance bounds. The virtual control and actual control are plotted in Figs. 3, 4 and 5, respectively. Figs. 6, 7 and 8 show the trajectory of the switching adaptive parametersθ 1,k ,θ 2,k andθ 3,k , respectively. Lastly, the switching signal σ (t) is shown in Fig. 9 . It is obviously that all signals in the closed-loop system are bounded and the tracking error is within prescribed performance bounds, which illustrates the effectiveness of our proposed control scheme.
V. CONCLUSION
This paper has developed an adaptive neural network tracking control scheme for a class of uncertain switched nonlinear systems. The common Lyapunov function with switching adaptive parameter has been constructed. The uncertain nonlinear functions have been approximate by RBFNN which has been widely used in the existing results, such as [3] and [4] . The unknown functions with time-delay state have been compensated by using appropriate LyapunovKrasovskii functionals. The problem of explosion of complexity has been avoided by introducing DSC technique. Under state-dependent switching law, a novel adaptive tracking controller has been designed. It has been shown that all the signals of the closed-loop system are bounded and the tracking error is preserved within prescribed performance bounds. Finally, simulation results have shown that the proposed approach is effective, with guaranteed stability and satisfactory performance. Future directions include studying the switched nonlinear systems with stable and unstable subsystems based on the state-dependent switching law.
